Background-Using a linkage disequilibrium (LD)-based approach, we sought to comprehensively define common genetic variation at the plasminogen activator inhibitor-1 (PAI-1) locus and relate common single nucleotide polymorphisms (SNPs) and haplotypes to plasma PAI-1 levels. Methods and Results-In reference pedigrees, we defined LD structure across a 50-kb genomic segment spanning the PAI-1 locus via a dense SNP map (1 SNP every 2 kb). Eighteen sequence variants that capture underlying common genetic variation were genotyped in 1328 unrelated Framingham Heart Study participants who had plasma PAI-1 antigen levels measured. Regression analyses were used to examine associations of individual SNPs and of inferred haplotypes with multivariable-adjusted PAI-1 levels. Two genetic variants, SNP rs2227631 and the 4G/5G polymorphism, were strongly associated (PϽ0.0001) with PAI-1 levels. SNP rs2227631 is in tight LD (DЈϭ0.97, r 2 ϭ0.78) with the 4G/5G polymorphism, which makes it difficult to distinguish which of these 2 polymorphisms is responsible for the association with PAI-1 levels. In stepwise analysis considering all polymorphisms tested, 3 SNPs, rs2227631 (or the correlated 4G/5G polymorphism), rs6465787, and rs2227674, each explained 2.5%, 1%, and 1%, respectively, of the residual variance in multivariable-adjusted PAI-1 levels (stepwise PϽ0.0001, Pϭ0.04, and Pϭ0.03, respectively). A single common haplotype, at 50% frequency among Framingham Heart Study participants, was strongly associated with higher PAI-1 levels (haplotype-specific Pϭ0.00001). The susceptibility haplotype harbors the minor alleles of SNP rs2227631 and the 4G/5G polymorphism. Conclusions-Three sequence variants at the PAI-1 locus, in sum, explain Ϸ5% of the residual variance in multivariable-adjusted PAI-1 levels. For quantitative cardiovascular traits such as circulating biomarkers, defining LD structure in a candidate gene followed by association analyses with both SNPs and haplotypes is an effective approach to localize common susceptibility alleles. (Circulation. 2005;112:1728-1735.)
H igher plasma levels of plasminogen activator inhibitor-1 (PAI-1), the principal circulating inhibitor of fibrinolysis, have been associated with increased risk of coronary heart disease events. 1, 2 In addition, increased PAI-1 is a common feature of the metabolic syndrome 3 and predicts incident diabetes. 4 Significant heritability of this phenotype in family and twin studies suggests that plasma PAI-1 is determined in part by genetic influences. 5, 6 In vitro and genetic studies have suggested that the 4G allele of the 4G/5G insertion-deletion polymorphism is associated with higher plasma PAI-1 concentrations. [7] [8] [9] The 4G allele has been associated with an increased risk of myocardial infarction in a meta-analysis. 10 It is likely that single polymorphisms at a candidate gene locus represent only part of the overall genetic variation that may contribute to phenotypic variation. It is unknown whether the 4G allele is simply correlated with other possibly causative alleles and whether additional variation at the PAI-1 locus plays a role in determining PAI-1 levels. One emerging approach is to take advantage of the complete human genome sequence and the increasingly rich collection of single nucle-otide polymorphisms (SNPs) in public databases to study the role of the estimated 11 million SNP variants (minor allele frequency Ͼ1%) in explaining phenotypic variation. 11 SNP alleles at a locus are often correlated (known as linkage disequilibrium [LD] ) and coinherited as haplotypes. 12 Most of the genome exists in regions of strong LD, called haplotype blocks, within which most individuals carry 1 or 2 of a few common haplotypes. 13 Within these blocks, a relatively small number of SNPs, termed tag SNPs, can mark common haplotypes and capture most of the genetic diversity in a sample. 14 -16 The utilization of tag SNPs and common haplotypes formed by tag SNPs in genetic association studies has been posited as an efficient and effective method to narrow association signal and localize susceptibility variants. 17 Our investigation sought to comprehensively examine the role of common SNPs and haplotypes at the PAI-1 locus in determining PAI-1 levels measured in the Framingham Heart Study (FHS), a well-characterized, community-based sample. Thus, our objectives were (1) to define the LD patterns for common genetic variants at the PAI-1 locus, (2) to determine associations of PAI-1 single genetic variants and multimarker haplotypes with plasma PAI-1 levels, and (3) to determine the relation between the 4G/5G polymorphism and other common variation at the PAI-1 locus.
Methods

Study Participants
The FHS offspring cohort began in 1971 with enrollment of 5124 men and women. 18 Approximately every 4 years, participants have undergone a routine medical history and physical examination, as well as laboratory assessment of cardiovascular disease risk factors. The Institutional Review Board at Boston Medical Center approved the study, and all participants gave written informed consent.
Of the 3799 participants who attended the fifth offspring examination (1991) (1992) (1993) (1994) (1995) , blood testing for PAI-1 antigen was completed in 3389 participants. We excluded 552 participants who were receiving anticoagulant medications or taking aspirin, which left 2837 eligible participants. DNA was available in a panel of 1811 unrelated individuals randomly selected from 2933 individuals who provided blood samples for DNA extraction during the sixth examination cycle (1995) (1996) (1997) (1998) . The overlap of the 2837 eligible participants with PAI-1 antigen levels and the 1811 unrelated participants with DNA available formed the sample for the present study (nϭ1328).
Determination of PAI-1 Antigen Levels and Other Participant Characteristics
Fasting blood samples were collected between 8 and 9 AM in tubes with 3.8% sodium citrate (9:1 vol/vol). ELISA methods were used to measure levels of PAI-1 antigen according to the description given by Declerck et al 19 (TintElize PAI-1, Biopool AB). The intra-assay coefficient of variation was 9.6% for PAI-1 antigen. 20 Risk factor information was collected from physical examination and blood testing as described previously. 18 Cardiovascular disease was defined by the presence of coronary heart disease (recognized or unrecognized myocardial infarction, coronary insufficiency, and angina pectoris), stroke or transient ischemic attack, or intermittent claudication. Criteria for cardiovascular disease diagnoses have been described previously. 21 
Genotyping Methods
SNPs and the 4G/5G insertion-deletion polymorphism were genotyped with matrix-associated laser desorption ionization-time of flight mass spectrometry with Ϸ5 ng of DNA per genotyping reaction (Sequenom, San Diego, Calif). The detailed multiplex polymerase chain reaction protocol has been described previously. 13 As previously reported, our error rate using the Sequenom MassAR-RAY platform is Ϸ0.4%, and this was confirmed in the present study by comparison of duplicates and rates of apparent mendelian inheritance errors. 13 
SNP Selection and Genotyping in Reference Pedigrees
From the public dbSNP database (http://www.ncbi.nlm.nih.gov/ SNP), we selected 85 evenly spaced markers within a 50-kb region spanning the PAI-1 gene (the coding region,10 kb upstream and 5 kb downstream) on chromosome 7 (gene symbol SERPINE1, accession number NM_000602). SNPs were genotyped in a panel of 12 multigenerational family pedigrees from the Utah/Centre d'Etude du Polymorphisme Humain (CEPH) panel (Coriell Institute for Medical Research, Camden, NJ). 13 These reference pedigrees included 93 individuals representing 96 independent chromosomes of European ancestry. Assays were considered successful if they met the following criteria: (1) at least 75% success for genotyping calls, (2) Hardy-Weinberg equilibrium (HWE) PϾ0.01, and (3) mendelian transmission errors Յ1. In addition, we imposed a minor allele frequency threshold and defined "common" for the present study as a minor allele frequency Ͼ2%. Overall, for 24 SNPs (22 noncoding, 2 nonsynonymous coding: rs6090 and rs6092) and the 4G/5G insertion-deletion polymorphism, we developed successful assays and observed a minor allele frequency Ͼ2%.
LD Structure in Reference Pedigrees: Identification of Haplotype Blocks and Tag SNPs
Haplotype blocks were defined and tag SNPs were selected with the "spine of LD" setting in the publicly available Haploview software package version 2.03 (Jeffrey C. Barrett and Mark J. Daly, http:// www.broad.mit.edu/personal/jcbarret/haploview). 22 Briefly, for each pair of markers, the absolute value of DЈ (an estimate of the strength of LD 23 ) and a logarithm of the odds score (LOD; an estimate of the significance of LD 24 ) were calculated. On the basis of these 2 measures, each pairwise marker comparison was categorized into 1 of 3 groups: (1) no or minimal evidence of historical recombination (DЈϭ1/LOD Ͼ2 or 0.5ϽDЈϽ1/LOD Ͼ2), (2) strong evidence of historical recombination (DЈϽ1/LOD Ͻ2 or DЈϽ0.5/any LOD), and (3) uninformative (DЈϭ1.0/LOD Ͻ2).
In the spine of LD setting, haplotype blocks are assigned based on each end marker of a block having a DЈϾ0.8 with all intervening pairwise marker comparisons excepting 1 comparison. Tag SNPs were selected by ranking SNPs within a block on the basis of successful genotyping percentage and then selecting SNPs one at a time from this ranked list until all haplotypes Ͼ2% frequency within the block were uniquely tagged. With this procedure, 11 tag SNPs were required to mark common haplotypes. For the 20 SNPs that fell into 2 blocks, the 11 tag SNPs captured the 9 unmeasured SNPs with a mean pairwise r 2 of 0.78. Eight of the 9 unmeasured SNPs were captured with a pairwise r 2 Ͼ0.70. Thus, in reference pedigrees, our tag SNPs captured well the unmeasured SNPs.
Genotyping in the FHS
In the FHS sample, we genotyped 11 tag SNPs, the 4G/5G polymorphism, and 7 SNPs that were redundant in CEPH pedigrees. Redundant SNPs were typed to help assess LD block structure similarity between CEPH and FHS samples (data not shown). Thus, 19 SNPs were genotyped in FHS. The 2 test was used to compare observed genotype frequencies with their estimates under HWE. One tag SNP, rs7242, was out of HWE (PϽ0.01) in the FHS sample and thus was excluded from further analysis. The remaining 18 sequence variants were in HWE (PϾ0.05).
Statistical Analysis
Because of a skewed distribution, serum PAI-1 antigen levels were logarithmically transformed (natural log). Sex-specific standardized residuals from multivariable-adjusted PAI-1 levels were calculated with SAS 25 and served as the phenotype. On the basis of reported determinants of PAI-1 levels in the literature, covariates included in the multivariable models were age, body mass index, current cigarette smoking, systolic blood pressure, diastolic blood pressure, hypertension treatment, alcohol consumption, total cholesterol, HDL cholesterol, triglycerides, diabetes, prevalent cardiovascular disease, and menopause status and estrogen replacement therapy for women.
Regression analysis was performed with each of the SNPs to test the null hypothesis that the phenotype means did not differ by marker genotype. We assumed a general model of inheritance and used a 2-degrees-of-freedom (df) test for each SNP. Analyses were performed on standardized PAI-1 residuals. To further identify a subset of SNPs that significantly explained variance in PAI-1 levels when adjusted for the effects of other SNPs, we conducted a stepwise selection of the SNPs in multivariable linear regression models. 25 Association analyses of haplotypes from a single block were conducted with a weighted-regression approach as implemented in the haplo.score program. 26, 27 All compatible haplotype configurations of a multimarker genotype were used in the regression, with weights being the corresponding posterior likelihood of such a configuration estimated with the expectation-maximization (EM) algorithm. 28 An n-1 df score statistic, with n being the total number of haplotypes, tested all haplotypes simultaneously to detect any departure from the null hypothesis of no association. A 1-df haplotype-specific score statistic tested whether trait differences exist between a single haplotype and all other haplotypes combined. Haplotype-specific effect was also estimated to measure the mean difference in phenotype between carriers of 1 or 2 copies of a haplotype compared with those without the haplotype.
In joint analyses of haplotypes from 2 haplotype blocks, a weighted regression model with 2 predictors that represented the haplotypes from each block was performed with SAS. 25 The weights in the regression were the posterior likelihood of the joint haplotype configurations of the 2 blocks. The haplotype configurations and the posterior likelihood of each configuration were estimated with a similar EM algorithm implemented in SNPHAP (http://www-gene.cimr.cam.ac.uk/clayton/software/snphap.txt).
Multivariable logistic regression analysis was performed to test the null hypothesis that coronary heart disease status did not differ by marker genotype. Covariates in the analyses included age, sex, and traditional cardiovascular risk factors including hypertension (defined by systolic blood pressure Ն140 mm Hg, diastolic blood pressure Ն90 mm Hg, or hypertension treatment), diabetes (defined by fasting blood glucose Ͼ125 mg/dL or current medication use for diabetes), total cholesterol, HDL cholesterol, lipid-lowering therapy, cigarette smoking (coded as yes if current smoker or quit within 1 year), body mass index, and triglycerides. For all analyses, a nominal PϽ0.05 was considered significant.
Results
LD Structure at the PAI-1 Locus in Reference Pedigrees
The LD structure at the PAI-1 locus in reference CEPH pedigrees is displayed in the Figure. Two extended segments of LD were evident in the PAI-1 gene region, labeled block 1 and block 2. Within these segments, a small number of common, ancestral haplotypes were observed. Eight haplotypes in block 1 (16-kb genomic segment) accounted for 95% of the chromosomes in reference pedigrees, and likewise, 6 haplotypes in block 2 (13-kb genomic segment) represented 95% of the chromosomes. Six tag SNPs predict common haplotypes in block 1, and an additional 5 tag SNPs predict common haplotypes in block 2.
FHS Participants
Characteristics of the study sample (mean age 55 years; 54% women) are shown in Table 1 . Unadjusted mean PAI-1 levels were higher in men than women.
Single Allelic Variants and PAI-1 Levels in Framingham Participants
Results of association analyses of each of 18 genetic variants with multivariable-adjusted plasma PAI-1 levels in FHS LD structure at the PAI-1 gene locus in reference pedigrees. A, PAI-1 locus position on chromosome 7 (chr 7) in the human genome July 2003 assembly (hg16). Genes encoded in this genomic region include SERPINE1 and AP1S1 on the plus strand and VGF on the minus strand. Rs identification numbers for SNPs 1 to 25 are listed in sequence order underneath the black bar, which lists the genomic coordinates across the gene. B, Haplotype block structure panel shows that 25 SNPs fell into 2 haplotype blocks. SNPs 1 to 9 fell into block 1, and SNPs 10 to 20 fell into block 2. Each haplotype is shown within a rectangle containing the alleles, a frequency percentage, and a bar proportional to haplotype frequency. For the 4G/5G insertion/deletion polymorphism (ss3172207), "A" refers to the 4G allele and "C" refers to the 5G allele. Within block 1, 8 common haplotypes were present, and within block 2, there were 6 common haplotypes. This limited haplotypic diversity within each block illustrates the strength of LD across this region. C, LD structure panel displays the LD relations between pairs of markers in the region, with each square representing the pairwise strength and significance of LD. participants are shown in Table 2 . SNP rs2227631 was significantly associated with PAI-1 levels (PϽ0.0001). The 4G/5G polymorphism, located 172 bases downstream of rs2227631, was associated as strongly as rs2227631 (PϽ0.0001). SNP rs2227631 is in tight LD with the 4G/5G polymorphism (DЈ‫,79.0؍‬ r 2 ϭ0.78). Additionally, 9 other variants were also associated with PAI-1 levels (each PϽ0.05). Similar results were seen with more basic regression models, including a model that used only age-adjusted, sex-specific plasma PAI-1 levels as the phenotype.
Overall Contribution of Individual Genetic Variants in Stepwise Models
To distinguish between genetic variants that are strongly correlated with each other and those that independently contribute to the variation in PAI-1 levels, we conducted stepwise analysis that included all 18 genetic variants. In stepwise selection, the 4G/5G polymorphism explained 2.5% of the residual variance in multivariable-adjusted PAI-1 levels (stepwise PϽ0.0001), with the 4G allele associated with higher PAI-1 levels. An additional 1% was explained by rs6465787 (stepwise Pϭ0.02) and a further 1% by rs2227674 (stepwise Pϭ0.03). When we repeated stepwise selection forcing in rs2227631, the variant in tight LD with the 4G/5G polymorphism, 3 variants were significantly associated with PAI-1 levels-rs2227631, rs6465787, and rs2227674 -and the 4G/5G polymorphism was no longer significant.
Mean unadjusted PAI-1 levels by genotype for 4 variants associated in stepwise models are presented in Table 3 . Association analyses were conducted with multivariableadjusted log-transformed PAI-1 level, as noted in Methods.
Associations of Haplotypes With PAI-1 Levels
We inferred haplotype frequencies in the FHS sample via an EM algorithm using 7 SNPs (6 tag SNPs and the 4G/5G polymorphism) in block 1 and 4 tag SNPs in block 2 (the fifth tag SNP in block 2-rs7242-was eliminated owing to failure to achieve HWE). The resulting haplotypes in the larger FHS sample were very similar to those initially predicted in reference CEPH pedigrees (Tables 4 and 5 ; Figure) .
There were significant overall differences among the 8 common haplotypes in block 1 with respect to mean PAI-1 levels (global Pϭ0.0001). When we compared individual haplotypes with all the other haplotypes combined, Hap 1A and Hap 1I were positively associated with PAI-1 levels (haplotype-specific Pϭ0.00001 and Pϭ0.05, respectively; Table 4 ). Hap 1A harbors the 4G allele, and Hap 1I harbors the minor T allele of rs6465787; thus, the single SNP findings from stepwise selection (Table 3 ) and the haplotype findings represent the same result.
Association analyses for haplotypes in block 2 are displayed in Table 5 . The 5 common haplotypes differed with respect to mean PAI-1 (global Pϭ0.04). A single common haplotype in block 2, Hap 2A, was positively associated with plasma PAI-1 (haplotype-specific Pϭ0.006). Hap 2E was associated with lower PAI-1 levels (Hap Pϭ0.05). Hap 2E harbors the minor allele of rs2227674; thus, the single SNP rs2227674 finding from stepwise selection (Table 3 ) and the Hap 2E finding represent the same result.
Hap 1A was associated with higher PAI-1 levels, as was Hap 2A. The haplotypes in block 1 and block 2 were correlated (multiallelic DЈ of 0.74); most individuals with Hap 2A also carry Hap 1A. To address whether the association signal could be narrowed to Hap 1A, we considered both Hap 1A and Hap 2A jointly in a model. In this analysis, Hap 1A remained significantly associated with plasma PAI-1 level (PϽ0.0001), whereas Hap 2A was no longer significant (Pϭ0.32).
Joint Consideration of SNPs and Hap 1A
We considered the effects of SNPs and Hap 1A jointly by constructing models with the dependent variable being multivariable-adjusted plasma PAI-1 level and the 2 independent variables being Hap 1A and an individual SNP. Eighteen separate models were constructed, one for each of the 18 SNPs tested at the locus. When both Hap 1A and SNPs were considered, Hap 1A was significantly related to plasma PAI-1 in all of the models except when combined with SNP rs2227631 or 4G/5G (data not shown). In a model with 4G/5G and Hap 1A, 4G/5G was significantly associated with PAI-1 level, whereas Hap 1A was not. Similarly, in a model with rs2227631 and Hap1A, rs2227631 was associated with PAI-1 level, whereas Hap 1A was not. These results imply that these 2 SNP effects are stronger than the Hap 1A effect.
Genetic Variants and Coronary Heart Disease
We evaluated the relations between prevalent coronary heart disease (at the time of the FHS Offspring Study examination cycle 5) and the 2 variants most significantly associated with PAI-1 level. SNP rs2227631 was not associated with prevalent coronary heart disease (nϭ114 for coronary heart disease; Pϭ0.41 in an age-and sex-adjusted model, and Pϭ0.59 in a multivariable-adjusted model). The 4G/5G polymorphism also was not associated with prevalent coronary heart disease (nϭ111 for coronary heart disease; Pϭ0.71 in an age-and sex-adjusted model, and Pϭ0.88 in a multivariable-adjusted model). Compared with the 5G/5G genotype as the referent, the 4G/4G genotype OR was 1.16 (95% CI 0.61 to 2.21).
Discussion Principal Findings
In reference pedigrees, we characterized LD structure across a 50-kb genomic segment spanning the PAI-1 locus using a dense SNP map and found 2 blocks of sequence variants in strong LD. In association analyses of single genetic variants with PAI-1 levels, we identified 2 genetic variants, rs2227631 and the 4G/5G polymorphism, which are in tight LD and each strongly associated with plasma PAI-1 levels. After we accounted for either rs2227631 or the 4G/5G polymorphism, 2 additional variants further explained the variation in PAI-1 levels. After we accounted for clinical covariates, 3 sequence variants, in sum, explained Ϸ5% of the residual variance in circulating PAI-1 levels. In haplotype-phenotype association, a single common haplotype, Hap 1A (50% frequency), was strongly associated with increased PAI-1 level. Hap 1A harbors the minor alleles of both rs2227631 and the 4G/5G polymorphism. These findings confirm prior reports that the 4G allele is associated with increased plasma PAI-1 levels. 29 The percent of residual variance in the multivariable-adjusted PAI-1 level explained by the 4G/5G polymorphism, which was 2.5% in the present study, is consistent with prior reports, in which it ranged from 0.63% 30 to 1.6%. 31 With the genotyping of 25 SNPs in reference pedigrees and 18 PAI-1 SNPs in our association study, the present findings extend prior work by comprehensively studying the association of common genetic variants with PAI-1 levels in a large community-based sample. Our work directly addresses 2 questions: (1) Can the contribution of the 4G variant to PAI-1 levels be distinguished from LD with other possibly causative alleles? and (2) Are there additional allelic contributors at the PAI-1 locus to variance in PAI-1 levels?
Common Genetic Variation at the PAI-1 Locus and PAI-1 Level
The LD structure defined in the present study with publicly available common SNPs is in good agreement with the haplotypes defined by resequencing at the PAI-1 locus. 32 In the Seattle SNPs Program for Genomics Applications project, 23 individuals of European ancestry were resequenced for Ϸ13 kb spanning the PAI-1 gene. 32 This resequencing effort and the FHS sample yielded similar Hap 1A frequencies, 46% and 50%, respectively. In addition, the percent of individuals discordant for the minor alleles of 4G/5G and rs2227631 was similar at 2% in the Seattle SNPs European-descent sample and 5% in the FHS cohort.
Using an LD-based approach, we narrowed the association signal at the PAI-1 locus to a specific region of limited haplotypic diversity in the 5Ј end of the gene. The 2 strongest known causal candidates present on Hap 1A are rs2227631 and the 4G/5G polymorphism. We are unable to distinguish the possible effect of rs2227631 and the 4G/5G polymorphism. In general, functional studies may help differentiate the effects of genetic variants. However, whereas previous functional studies have evaluated the 4G/5G polymorphism, 8 an evaluation of the function of rs2227631 is lacking.
Besides rs2227631 and the 4G/5G polymorphism, 2 additional variants may contribute to the variance in PAI-1 level. SNP rs6465787 is located 3 kb upstream of the 4G/5G polymorphism, and rs2227674 is located in intron 4. Both rs6465787 (minor allele frequency 0.02) and rs2227674 (minor allele frequency 0.21) are less common than the 4G/5G polymorphism. To the best of our knowledge, the present report is the first to describe the contribution of either rs6465787 or rs2227674 to variation in PAI-1 levels, and these findings will need to be replicated.
The variants identified in sum explain Ϸ5% of the residual variability in multivariable-adjusted plasma PAI-1 level. The discovery of genetic variants that explain interindividual variation in biomarker phenotypes is important for several reasons. First, PAI-1 biomarker levels may predict incident clinical disease, and thus, genetic variants related to biomarker levels are strong candidate alleles to test for association with disease. Second, alleles that have been shown to be causally related to PAI-1 levels may be appropriate targets for drugs to alter gene expression. Third, a constellation of "risk" alleles may aid in predicting incident clinical disease. With complex traits such as biomarker phenotypes, the expected effect of any specific allele is expected to be modest, and our data are consistent with this expectation.
Implications of a Comprehensive Approach for Candidate Gene Association Studies
The limitations of single SNP association studies have recently been highlighted, because there is substantial difficulty in interpreting both a negative and positive result. 14 Thus, it has been proposed that candidate gene association studies move to a staged approach that involves 2 steps: (1) to comprehensively define common patterns of SNP variation at a locus through a study of local LD and (2) to screen for association signal with a subset of nonredundant tag SNPs at the locus. 17 With the present study, we have demonstrated that such an approach can effectively localize common susceptibility alleles. In fact, using an unbiased approach with publicly available SNPs, the implicated susceptibility haplotype would have been defined without knowledge of the 4G/5G polymorphism.
Study Limitations and Strengths
Our study has several potential limitations. First, in our definition of LD at the PAI-1 locus and the subsequent selection of tag SNPs, we restricted our focus mainly to common genetic variants. Multiple rare variants may influence a trait, and these variants may be identified by resequencing. 33 However, the frequency spectrum of susceptibility variants for complex phenotypes is likely to include common variants, and our approach is most appropriate for the discovery of such variants. 17 Second, nonexonic conserved regions, which show conservation comparable to exons, have been postulated to be important in the regulation of gene expression. 34 Variation in these nonexonic conserved regions around the PAI-1 locus may influence PAI-1 level. We did not explicitly examine such regions in the present study, although common variation in these regions may have been captured by LD.
Third, in genomic regions of high LD, the optimal methodology to select a subset of nonredundant markers has yet to be defined. We are currently comparing various methods of tag SNP selection, and alternative methods may prove to be more efficient than the one used in the present report. [35] [36] [37] Fourth, as noted previously, the extent of LD in block 1 may extend upstream of the first rs757722. The International HapMap project has been designed to comprehensively catalog patterns of LD across the human genome, and we reviewed this SNP catalog for the 100-kb region encompassing the PAI-1 locus. 38 We found that LD breaks down Ϸ700 bases further upstream of rs757722, although the present HapMap SNP density in this genomic region is insufficient to be certain about this conclusion. Thus, there remains the possibility that yet unidentified variants upstream of rs757722 are the true causal variants on Hap 1A.
Fifth, our sample was predominantly white, which limits the generalizability of our results to other ethnic groups. Sixth, given that a large systematic review found that the 4G/4G genotype was associated with a modest 1.2-fold increased risk of myocardial infarction, we were underpowered to detect a small effect of this magnitude. 10 Finally, type I error may occur when testing for association between a phenotype and multiple genetic variants. We have not accounted for multiple testing in the present analyses. In genetic association studies, the Bonferroni correction may be overly conservative owing to a high degree of correlation among the tests performed. 39 However, in the present study, the association between Hap 1A, 4G/5G polymorphism, and rs2227631 with PAI-1 levels would have survived even a Bonferroni correction.
Strengths of the present investigation include the comprehensive assessment of common genetic variation at the PAI-1 locus, the use of single allelic variants and haplotypes in association analyses, the large sample size, and the use of multivariable analyses.
Conclusions
In summary, using a powerful approach that is now possible from knowledge of the human genome sequence, we have comprehensively defined the role of common genetic variation at the PAI-1 locus in determining plasma PAI-1 levels. Our results suggest that approaches to define LD structure in candidate gene regions followed by conduct of association analyses with SNPs and multimarker haplotypes will be effective for localizing common susceptibility alleles.
